Please cite this article as: Giroud, N., Keller, M., Hirsiger, S., Dellwo, V., Meyer, M., Bridging the brain structure -brain function gap in prosodic speech processing in older adults, Neurobiology of Aging (2019), doi: https://doi.org/10.1016/j.neurobiolaging.2019.04.017. This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
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second and third syllables. This stimulus was used as the standard stimulus in the mismatch negativity 1 experiment because it exemplifies the typical German pronunciation of the word /Hubschrauber/. 2 Second, a version with a stress on the second syllable, but no stress on the first or third syllables was 3 used as Deviant 1 in the mismatch negativity experiment. Third, the version with a stress on the third 4 syllable, but no stress on the first or second syllable was used as Deviant 2 in the mismatch negativity 5 experiment. In addition, for the behavioral task only, for each of these three stimuli three other 6 versions were created in which the f 0 on the stressed syllable was raised by 20 Hz, 30 Hz, and 40 Hz. 
Brain Function: Mismatch negativity 12
We used a standard passive oddball procedure to evoke the mismatch negativity (MMN) (Näätänen et 13 al., 2007) . Participants were seated in a comfortable chair at a distance of about 1 m in front of a 14 screen, which played a silent movie without arousing content. Participants were instructed not to pay 15 attention to the auditory stimuli. Presentation software (www.neurobs.com; version 14.9) controlled 16 the experiment and presented the stimulus material at 72 dB SPL via in-ear headphones (Sennheiser 17 CX271). The standard stimulus was presented 488 times (p=0.75), while each of the two deviant 18 stimuli was presented 81 times (each p=0.125) in a randomized order with a jittered inter-stimulus 19 interval of 1000 ms. EEG was continuously recorded using a 128-electrode system (BioSemi 20 AcitveTwo, Amsterdam, the Netherlands) with a sampling rate of 512 Hz, online references 21 CMS/DRL, and with online bandpass filter between 0.1-100 Hz. Impedances were kept below 30 kΩ. 22
Brain Vision Analyzer Software (Version 2.1.0, Brainproducts, Munich, Germany) was used for 23 preprocessing the data. The data was offline bandpass filtered between 0.1 -80 Hz using a notch filter. 24
Next, an independent component (ICA) analysis was applied to remove artifacts of eye movements 25 (Jung et al., 2000) . Noisy channels were interpolated (Perrin et al., 1987) using topographic 26 interpolation (order: 4, degree: 10, lambda: 1E-05) and movement artifacts were removed with a semi-27 automatic raw data inspection (maximal voltage step 50µV/ms, maximal difference in 200 ms 28 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT intervals of 200 µV). The data was then re-referenced to linked left and right mastoid and a narrower 1 bandpass filter from 0.1-20 Hz (12dB/oct) was applied. Furthermore, the data was segmented into -2 200 to 2000 ms segments time-locked to stimulus onset and baseline corrected with regard to the pre-3 stimulus interval (see Figure 3) . For each participant, the segments consisting of the neural responses 4 to the standard stimuli, the Deviant 1 stimuli and the Deviant 2 stimuli were then averaged, 5
respectively. Additionally, in order to perform peak amplitude detection, the MMNs were extracted 6 time-locked with -100 to 600ms with respect to each syllable and baseline corrected for the 100ms 7 pre-syllable interval. This baseline correction for the signal time-locked to each syllable was crucial, 8
as we expected to find differences within these baseline intervals between subjects as a result of the 9
MMNs occurring in these time intervals which might influence the subsequent MMNs. For electrode 10
Cz, amplitude peak detection was applied for the global negative maxima time-locked to Syllable 1 11 within 200 to 400 ms after stimulus onset (Syllable 1), time-locked to Syllable 2 within 100 to 300 ms 12 (Syllable 2), and time-locked to Syllable 3 within 100 to 300 ms (Syllable 3) after syllable onset. The 13 amplitude in an interval of +/-10 ms around the peak was exported with respective peak latency for 14 each participant separately for each MMN resulting in nine peak amplitudes and respective latencies 15 for each participant. These were for the standard stimulus, the Deviant 1 and the Deviant 2 for each 16 syllable (Syllable 1, Syllable 2, and Syllable 3), respectively. 17 18
2.4.
Behavior: Word stress perception 19
After having performed the passive MMN experiment, participants completed an explicit behavioral 20 word stress discrimination task so that we could evaluate the discrimination accuracy of the stimulus 21 material used in the MMN experiment. It was not possible to collect behavioral data from 1 YA and 4 22
OAs due to technical reasons. Participants were instructed to press a button in a forced choice 23 experiment and indicate whether a pair of words were the same or different by clicking the left mouse 24 button for the same and the right mouse button if the two words were perceived to be different. We 25 used two types of word pairs for this task. In the first, all possible combinations of word pairs 26 consisting of the same three stimuli used for the MMN experiment were presented to the participants. 27
In the second type of word pairs, two similar stimuli from the MMN experiment were paired, while 28 M A N U S C R I P T
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either the first or the second word was different in its pitch variant with a frequency shift of the 1 stressed syllable of 20, 30, or 40 Hz. In total, 72 trials were randomly presented consisting of 36 trials 2 with identical stimuli in a pair and 36 trials with different stimuli in a pair. The interval between the 3 two words of a word pair was set to 200 ms, while the next trial started 700 ms after the participant's 4 answer was registered. We compared discrimination accuracy between the two age groups for word 5 pairs with a difference in stress position, or a difference of 20 Hz, 30 Hz, or 40 Hz in stress separately 6 for each syllable of the word /Hubschrauber/. Heschl's Gyrus (HG), Heschl's Sulcus (HS). 7 8 2.6.
Statistical analyses 9
First, in order to statistically verify the occurrence of an MMN, we performed paired t-tests within 10 each age group comparing the peak amplitude evoked by each of the two deviants to the peak 11 amplitude evoked by the standard. Thus, we separately compared the peak amplitudes of Deviant 1 12 and Deviant 2 to the Standard which were extracted time-locked to the three syllables of the word 13 /Hubschrauber/, respectively. Comparison to a baseline, in this case to the signal evoked by the 14 standard stimulus, is crucial because of the consistently lower EEG power measured on the scalp in 15 older adults (see Figure 3) . We expected to find MMNs evoked by both deviants when the EEG signal 16 was time-locked to Syllable 1, an MMN only evoked by Deviant 1 (but not Deviant 2) when the EEG 17 was time-locked to Syllable 2, and an MMN only evoked by Deviant 2 (but not Deviant 1) when the 18 EEG was time-locked to Syllable 3 (see hypotheses in Table 1 ). Notably, we defined the occurrence of 19 an MMN as a statistically significant difference (uncorrected for multiple comparisons) in the peak 20 amplitude between deviant and standard. In order to stay consistent in our statistical analysis pipeline, 21
we performed the same paired t-tests for the latencies. Furthermore, to also statistically investigate 22 age-related differences in the MMNs, we used univariate ANOVAs with the factor age group (YA, 23 OA) correcting for PTA and gender (i.e., PTA and gender were treated as covariates) and compared Second, the accuracy of the behavioral discrimination task was analyzed using a univariate ANOVA 6 (YA, OA) correcting for PTA and gender to compare age-related differences in discrimination of the 7 stimulus material used for the MMN experiment, which only differed in the stress position within the 8 word /Hubschrauber/ (stress either on the first, second, or third syllable). In addition, we computed a 9 repeated measures ANOVA correcting for PTA and gender using the factors syllable (Syllable 1, 10 Syllable 2, Syllable 3), f 0 difference (20 Hz, 30 Hz, 40 Hz), and age group (YA, OA) in order to assess 11 discrimination performance differences with respect to age group and f 0 differences within syllables. 12
13
Third, age group differences in CT and CSA of the six bilateral ROIs were examined using univariate 14
ANOVAs controlled for PTA and gender which were corrected for multiple comparisons by applying 15
Bonferroni correction (alpha error divided by the number of tests) leading to a lowering of the alpha 16 level from α = .05 to α = .0042 for the 12 ROIs compared between the two age groups (Giroud et al., 
Results 25
3.1.
Age-related differences in the mismatch negativity evoked by word stress 26 M A N U S C R I P T 2 evoked by Deviant 1 (which was the only one we found in both age groups) did not yield a 11 significant difference between YA and OA (F(1,34)=.73, p=.399). Also, the three significant MMNs 12 which we found in the OA group, did not differ in magnitude from each other (F(2,40)=.85, p=.861). 13
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The same analyses for the latency revealed that there were no significant differences between deviants 14 Age-related differences in behavioral word stress perception 28 M A N U S C R I P T
The two age groups performed well in discriminating the three stimuli from the MMN experiment 1 In order to make sure that there was no bias towards responding "same" or "different", we furthermore 20 calculated the false alarm rate for each age group for the task. There was no difference (t(31)=-.63, 21 p=.53) between the YA and the OA in the false alarm rate and the false alarm rate was generally low 22 (YA: M=5.95%, SD=5.65%; OA: M=7.89%, SD=10.32%). 23
24
Thus, these results suggest that the OA performed worse across all conditions even though the PTA 25 differences between YA and OA were controlled for and all participants were classified as normal 26 hearing. Furthermore, our results suggest that the 20 Hz word stress difference was too difficult to 27 perceive for OA, especially on the first and second syllables. But also, for the YA, the 20 Hz 28 M A N U S C R I P T
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difference was the most difficult to discriminate, even though they performed better than OA. 1 Interestingly, across the two age groups, this 20 Hz difference was also most difficult to discriminate 2 when on the first syllable on which a word stress can be expected in the German language and on 3 which the word stress is correct for the word /Hubschrauber/. Age-related differences in auditory cortical structure 8 Similar to our previous study (Giroud et al., 2018a), the older adults showed lower cortical thickness 9 in all six left and right auditory brain areas than the younger adults (see Table 3 ), but cortical surface 10 area measurements of similar size as in younger participant. This result points to the fact, that the older 11 adults in this sample experienced age-related atrophy in bilateral auditory brain regions which was 12 reflected by the lower CT in these brain regions. The relation between brain structure and brain function 17
In order to investigate the structure-function relationship in the OA group, partial correlations between 18 the extent of age-related auditory atrophy as measured by CT as well as CSA in the six bilateral 19 auditory brain regions and the peak amplitude of the MMN were calculated. Because we did not find 20 any significant differences between the magnitudes of the three MMNs which were significantly 21 evoked in the OA, we created an average MMN in order to reduce the number of correlations we 22 calculated. However, we did not find any significant correlations with the CT of the six bilateral 23 regions, but did find these with the CSA of the left STG and the left HS (after correcting for multiple 24 comparisons by applying a lowered α threshold of .0042 with r= -.62, p=.003 and r= -.65, p=.002, 25 respectively). Thus, older individuals with larger mean surface area in two left auditory-related areas 26 also evoked higher MMN amplitudes (see Figure 6) . 27 28 M A N U S C R I P T
Furthermore, we calculated similar partial correlations with brain structure and behavior in the OA 1 group, specifically with the discrimination accuracy of the 20 Hz f 0 differences, because this was the 2 behavioral condition in which age-related differences were the strongest. We found one positive 3 significant correlation (after correction for multiple comparisons), namely with the cortical thickness 4 of the right STS (r=.69, p=.002). Thus, in this difficult perceptual task, older adults who had thicker 5 right STS performed better. 6 7 ---Insert Figure 6 about here ---8
Discussion 9
The aim of the present study was to examine, for the first time, the relationship between auditory brain 10 structure and word-level prosody perception in younger and older adults with peripherally normal 11
hearing. By means of the surface-based morphometry approach, we were able to capture two 12 independent structural measurements of auditory-related areas, namely CT and CSA, and their 13 relations with functional (MMN) and behavioral parameters of word stress sensitivity. Using the 14 MMN paradigm we were able to analyze word stress perception time-locked to different syllables of 15 the same word with varying stress. 16
17
As predicted, we found that a stress difference on the last syllable in a German word was easier to 18 detect behaviorally (for both groups) than a difference on the second syllable. It has been shown that a 19 stress on the last syllable is very uncommon in the German language (Jessen et al., 1995) which may 20 therefore result in higher sensitivity to acoustic changes on the last syllable yielding a better 21 recognition of the anomaly. In principle, the MMN data reflect this behavioral result, but interestingly, 22 in the older group only. Our data therefore suggest that the older individuals exhibit higher neural 23 sensitivity towards f 0 differences in words than younger adults. 24 
25
In other words, the MMN results show that the older adults were more sensitive to varying f 0 patterns 26 in words than the younger adults, even though the two groups both discriminated the word stress 27 M A N U S C R I P T
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variations of the word /Hubschrauber/ with a high accuracy in the behavioral task. This finding 1 suggests that the older adults' MMNs were more strongly driven by the acoustic differences in f 0 and 2 therefore by the acoustic properties of the stimulus material (i.e. bottom-up). The acoustic sensitivity 3 towards word stress patterns was therefore more robust in older than in younger individuals. 4
Simultaneously, we assume that the younger adults did not evoke MMNs time-locked to Syllables 1 5 and 3 because this acoustic difference is irrelevant in the German language as word stress patterns do 6 not mark linguistic properties relevant to understand a word. Despite this fact the young adults were 7 able to acoustically differentiate the stressed and unstressed syllables as reflected in the behavioral 8 data. Word stress patterns in the German language only rarely mark word meanings and are therefore 9 not fundamental to the understanding of the meaning of a word (Janssen, 2013) . The older adults 10 therefore relied more on the acoustic information overall, while the younger adults' MMN responses 11 were more strongly driven by their linguistic experience (i.e. top-down). Yet, the younger adults still 12 evoked an MMN time-locked to Syllable 2. However, Syllable 2 had the most pronounced acoustic 13 difference with 73 Hz between the stressed and unstressed version and therefore might have evoked a 14 strong response in all participants regardless of its linguistic importance. and right auditory-related areas in speech perception. In the current study, the lower CT in auditory-24 related areas in the older group may similarly reflect higher neuronal loss. Moreover, we have 25 previously shown that such lower CT, specifically in right auditory-related areas, resulted in lower 26 speech perception performance in supra-threshold frequency selectivity, supra-threshold temporal 27 compression, speech in noise perception, as well as higher neural activity during tonal perception in 
48). 7 8
In sum, the interpretation of these results is twofold. First, as predicted, they suggest that age-related 9 structural decline in auditory-related areas, signaling central age-related hearing loss, is associated 10 with a reorganization in auditory lateralization, namely a stronger involvement of right auditory-11 related areas in speech perception. Second, cortical atrophy in right auditory-related areas explained 12 48% more variance than pure-tone thresholds in the f 0 discrimination task, highlighting the importance 13 of considering central hearing loss, here defined as age-related structural decline in auditory-related 14 areas as indicated by lower CT, when investigating speech perception in older adulthood. Since 15 audiograms are not able to capture such age-related differences in auditory perception, we believe it is 16 crucial to include such alternative measures to assess hearing loss in older adults. 17 
18
Importantly, we did not find any relation between CT in auditory-related areas and the MMN evoked 19 by word stress. However, there was also no age-related decline in word stress perception as indicated 20 by the MMN results. Still, our analyses revealed a significant correlation between cortical surface area 21 in the left STG and the left HS and the MMN in older adults. We interpret this finding as first 22 evidence that older adults who have larger cortical surface area (Pontious et al., 2008) in left auditory 23 brain regions, may to some degree be better able to cope with structural decline reflected by lower CT 24 in that they may be better able to use sensory-driven prosodic cues in a speech signal. As argued by 25
Meyer et al. (2014), larger CSAs in left auditory-related areas reflect more widely spaced neuronal 26
columns which enables the recognition and storage of over-learned spectro-temporal acoustic patterns 27 in an efficient and automatic manner. Thus, it is likely that a larger CSA in left auditory regions would 28 M A N U S C R I P T
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allow older adults' ability to perceive complex spectro-temporal patterns to be more robust as they 1 progress into old age. . Overall, we therefore find that the less 11 specialized hemisphere (i.e., the right auditory-related areas) is more strongly involved in speech 12 perception in older adults, a cortical reorganization which may result from age-related neuronal loss. 13
Furthermore, this suggests less specialization or differentiation in the auditory-related areas during 14 speech perception in aging similar to results of a previous study using fMRI (Profant et al., 2015) , a 15 mechanism which has also been associated with aging in other domains (see Cabeza, 2002 for an 16 overview). Thus, these results allow the AST model to expand, for the first time, into aging. As 17 already suggested by Poeppel and colleagues in 2008, it is generally possible that the left auditory-18 related areas also entrain to slowly changing speech cues such as prosody . We 19 therefore interpret that older adults involve the left auditory-related areas in addition to the right to 20 counteract the structural decline of these areas (Keller et al., 2019) , allowing high sensitivity to 21 prosodic speech cues until old age. 22 
23
In general, we can infer that the higher word stress sensitivity in older compared to younger adults 24 which we found in the MMN experiment does not result from a generally higher sensitivity to f 0 25 because of the lower performance of the older adults in the behavioral f 0 discrimination task 26 (discriminating 20, 30, and 40 Hz f 0 differences on the same syllable). Instead, we interpret this finding 27 to indicate that older adults only show higher sensitivity to f 0 when f 0 is marking a syllable in a word 28
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(as measured by the MMN experiment) compared to when f 0 indicates the strength of a syllable stress 1 (as measured in the behavioral experiment). In that sense, syllable stress in a word has been shown to 2 indicate the rhythm of a word, which may be an additional prosodic cue which older adults with 3 difficulties to perceive the temporal fine structure of a word may use to maintain speech perception 4 despite of proceeding atrophy. 5
6
For example, marked prosodic elements such as intonation and stress in speech, also called 7 "elderspeak", have been shown to be helpful for older adults to perceive speech and improve 8 comprehension (Cohen and Faulkner, 1986). Similarly, older adults have been shown to be sensitive to 9 prosodic speech cues to at least the same extent as younger adults (Wingfield et al., 1992 (Wingfield et al., , 2000 . It is 10 therefore conceivable that marked prosody such as in elderspeak may help older adults compensate for 11 age-related decline in temporal fine structure processing. Word stress as a prosodic cue indicating the 12 word rhythm may therefore be more important for older adults than for younger adults during speech 13 perception, explaining the higher sensitivity in the MMN experiment towards word stress violations. 14 However, it is important to keep in mind that not all types of prosodic marking have been shown to be 15 helpful for older adults, because slowing the speech rate and using high f 0 have not been shown to 16 improve understanding and can rather reflect aging stereotypes held by the speaker (Kemper and 17
Harden, 1999). 18 19
The sensitivity for prosodic speech cues in older adults resembles some results from studies with 20 infants. Assuming an extension of the AST predictions to infants, the stronger involvement of the right 2006). While we wish to be cautious in the drawing of parallels between speech processing in infants 25 and in older adults, the similar reliance on prosodic cues in the face of challenges to the understanding 26 of speech (for infants: still learning the lexical cues of the specific language of their environment; forM A N U S C R I P T
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older adults: difficulties processing the temporal fine structure such as phonemes) is worth noting in a 1 study such as this one, in which the speech processing over the lifespan is in focus. 2 3
Conclusions 4
Our results suggest that older adults without clinically disabling peripheral HL show age-related 5 structural differences (i.e. lower CT) in auditory-related areas that probably imply impaired speech 6 perception beyond peripheral HL. Such age-related structural decline may lead to a neural 7 reorganization in that the relative involvement of left and right auditory-related areas in speech 8 perception becomes less differentiated across the lifespan. For example, we demonstrated that less 9 structural decline (higher CSA) in left auditory-related areas is related to more sensitivity to prosodic 10 speech cues in older adults, even though prosodic speech cues have been shown to be more strongly This table shows the pitch of each syllable of the three versions of the word /Hubschrauber/ used for the mismatch negativity experiment. In addition, in the bottom, the predictions about the occurrence of the mismatch negativity (MMN) based on these pitch differences are described. Figure 2 depicts the spectrogram of the three stimuli consisting of the German word /Hubschrauber/ with three different word stress patterns used for the mismatch negativity experiment. On the top, the standard stimulus is shown with a stress on the first syllable. In the middle, the Deviant 1 with a stress on the second syllable is depicted, while on the bottom the Deviant 2 with a stress on the third syllable is shown. The left axis represents the scaling for the stimulus spectrum, while the right axis (in blue) shows the f 0 contour indicating the different stress patterns of the three stimulus versions. 
